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EXECUTIVE SUMMARY

"This document presents an annual report to the Office of Naval Research for a research program

entitled "A Theoretical Search For Supervelocity Semiconductors". This program has been funded by

ONR since 1974 in the Department of Electrical and Computer Engineering at N.C. State University.

The research has resulted in more than 80 refereed publications and numerous conference presentations

from its inception. Major contfitions to the field of hot electron transport and semiconductor device

modeling have been achdeved, new computational methods have been developed (e.g. path integral

Monte Carlo techniques), and the work has helped simulat commercial ventures in the applications of

quatenmary semiconductor materials to electronic and optical devices. In addition, there have been

twenty eight Ph.D. and MS. students who have received degrees at N.C. State University with

research support from this conract. Three visiting faculty members from Japan came to the Universityý,,

to work with the faculty investigators supported under this ONR contract during the 1979-1983 time

period. A visiting professor from the French OWRS Microstructures and Microelectronics Laboratory

in Bagneux (near Pads) spent a sabbatical year at N.C. State during 1988-89, and he devoted full-time

working on this program at no cost to ONR. During the currnt funding period, a visiting scholar

from China is a member of our research group working on projects which directly impact this ONR

program. This researcher will be appointed as a Visiting Assistant Professor in August, 1992, and will

spend approximately 50% of his time working on this project. His work will be devoted to advanced

device simulation and physics. In particular, he will develop new concepts for the real space transfer

logic transistor and other charge injection transistor suctums. Finally, we have hired a new post-

doctoral research associate from the University of Michigan (Prof. J. Singh's group) and he will join

us to work on transport theor in various quantum-based devices.

This initial phases of this work centered around the development of Monte Carlo simulation tech-

niques which allow the study of detailed physics of hot electron transport in a variety of compound



semiconductor materials. The original emphases were concerned with electronic materials phenomena.

Later work considered the utilization of these materials in realistic device stnuctures where physical

boundary conditions must be imposed on the carrier transport. More recently, the work has focused on

the domain of ultra-small materials and device phenomena where microscopic non-local transient

effects such as velocity oversdooL ballistic and nearly-ballistic transport, and quantum transport

become important or dominat. During the past five years we have researched the applications of the

Feynian "integral over paths" apprach to quantum tnmsport and dentified numerical limitations to its

practical applicatioi. Also we have emphasized the study of hot elecumt effects in new device struc-

amr, such as the hot electron spectrometer, hemojunction bipolar transistor, small dimension metal-

semiconductor-metal photodeteco, delta-doped high electron mobility transistors, and real space

transfer logic -msista. During this time, we have been exphxing some new approaches to device

modeling which combine he Monte Carlo method with the method of moments of the Boltzmam tran-

sport equation (hydrodynamic transport model) for studying specific device structures, such as small-

dimension n-n-en majority carrier devices and the high electron mobility transistor. In addition, we

have incorporated quantun correction terns into the hydIdynmnic model and applied this model to

resonam tunneling structures. Recently, we have applied a new ansatz distribution function as a consti-

tutive relation to close the moment equations in the hydrodynamic transport model. Initial results of

this approach have been physically satisfying and computationally promising. A comprehensive formu-

lation of this new model has been published and has attracted a lot of attention.

During the next year, new research in four general areas will advance our basic research direc-

tions encompassing the study of hot electron transport in materials and devices. These four areas

included I) the study of quantum transport in mesoscopic structures, nanostructures, and related ultra-

small hetrobarrier device stnuctures using several physical models and computational approaches, 2)

new approaches to the merging of Monte Carlo methods with moment equation methods with resulting

impovsements to the hydrodynamic transport model, 3) Monte Cao simulations in order to study



pseudomorphic devices, real space transfer structu•es, and submicmn MOSFErs, and 4) search for new

quantum-based device concepts for ultra-fast, ultra-dense applications. The possibility of expanding

our experience to optical and optoelecuonic device modeling will be seriously explored as well, as we

define the role of our new peuommel which will be added to our group in Fall 1992.
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1.0 INTRODUCTION

In October, 1974, the Office of Naval Research initiated sponsorship of a basic research program

in the Depamnt of Electrical and Computer Engineedrig at North Carolina State University. Tbe

general goal of this research program has been and cmotines to be the investigation of high-speed car-

rer transport in IIl-V compound semiconductors, I-V alloy materials, other advanced electronic and

optical materials, and novel device structures which utilize these materials. Four faculty members at

N. C State have been primarily involved and suported by this prject. Curently, Profs. M. A.

Littlejoim and L W. Kim save as the ol-pincipal investigators on this project. This research pro-

gram has made significant contrimutons In the u-erstanding and knowledge base of hot election tran-

sport in mterials ad devices. It has provided scietific guidance to the U. S. Navy in the formulation

of a pat of its basic and applied research pogrun. Numerical concepts developed under this project

have been transferred to other Universities, including the University of Illinois, and we continue these

inter-Institutional collaboro During the pat year, we have maintained close contact with the

research pogram of Prof. Hess at the University of Illinois. Also, collaborations with Dr. H. L Gru-

bin of Scientific Research Associates, Inc. and Dr. G. J. lafrate and Dr. M. A. Stroscio of the U. S.

Army Research Office in the area of quantum transport in semiconductor devices have been

strengthened. Dr. lafrate, Dr. Sboscio, and Dr. Grubin are Adjunct Professors in the ECE Deparment

at North Carolib State University and we share gradua students and post-doctoral research associaes

on joint projects. In addition to those directions, our research results have helped stimulat commercial

ventures, particularly in the development of GalnAsP-based materials and devices. To-dae, this pro-

gram has resulted in 79 rfereed publications in the literature, 1 add•Itional manuscript is currently in

press, and 6 manuscripts have been submitted or are in preparation for submission to the technical

literature. A listing of these publications is given in Appendix A. In addition, numerous invited talks

and presentations have been given at conferences and workshops throughout the United States and in
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other countries. The program has contributed significan!y to the educational pogram at N. C. State

University with more than thirty Ph.D., MS. and undergraduate students having received support under

this ONR contract. Currently, dhce Ph.D. students are workng toward their degrees on this project.

Two of these Ph.D. students are U.S. OiQzefs. A visiting scholar from China, who will be appointed

as a Visiting Assistant Professor in August, 1992, is also wodkng on research related to this program.

We have hired another post-doctoral reseanh associate who will extend our capabilities into the area of

band sMucum effects, quantum transpor,, and many-body physics.

This ONR program has been efficient and productive. The high quality of this research will con-

tinue to be maintained in the future. This report summarizes the pmogress and accomplishments made

during the past coract period.
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2.0 RESEARCH RESULTS

2.1 Bacgound

Since its incepfio semiconductor technology has been stimulated by ruements for eleonic

systems with evincreasing capbities to prcess infonnation fasr, mom functionally and mor

efficiently. These requirents have motivated the scaling down of inegrated circuit (IC) device

dimensions into die submicnm (less than ten thousand agszuoms) and ulirasubmicron (less than one

t--s' agstboms) reg•o. Today, we hav P erI an era where n a physics and fabrica-

don motivate our research effonts -smco t electronics [1]. As fabrication technology has

allowed such devices to be realizd, many new and fundamental questions have emerged concerning

the underlying physics of small (amic level) dimensions in semiconductor devices. Importan issues

now under consideration for uktasubmlcron devices include nAnequlbium trmnsport dealing with such

topics as quasi-daistic umupou overshoot phenomena and quantum ransporL A great ded of pro-

gress has been achieved in our unde-staning of these important device effects, although major work

remains to be done as our ability to fabricate very smal electrnxic device stuctures continues to

expand and mature [2.31.

The ability to fbricate small devices has been continually refined over the last ten year through

imp e improvements in materials growth technologies. Molecular beam ephaxy (MBE), metlor-

ganic chemical vapor deposition (OMCVD), and atomic layer epitaxy (ALE) have prvided the ability

to fabricate a wide variety of materials and 1 tr _trcture combinations with near perfea Infaces,

doping control and nompFitona uniformity with atomic level dimensions. The development of ALE

may very well prove to be the ultimate growth technology since it allows the deposition of one mono-

layer of device quality matials through a controllable, self-limiting mechanism, and is especially use-

ful for the deposition of heserojuncWIons [4]. The ability to grow layers with dimensions of a few

angstroms opern the domain of quamn tansport to expeimental, study and verification. Thus, topics
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resulting from size quantization in condensed matter must be investigated from theoretical viewpoints

with tools which are either partially developed or through the development of new tools which ame not

now available. Quatuization effects aising from geometrical size constrints, proximity effects result-

ing from closely packed arrays of devices, and general solid-state considerations not heretofore con-

sidered questionable (effective mass approximation, the role of contacts and the like) must be

addressed from a fundamental point of view. Moreover, from a device physics point-of-view, it is

desirable to have a microscopic description of the physics of small dimensions which is amenable to

phenomenological treatment, so that Its properties can be meaningfully incorporated into futuristic dev-

ice concepts and simulations.

Theoretica methods to address carrier trazaport have also progressed rapidly over the last ten-

fifteen years, in a mainer similar to reueach in semiconductor thin film epiaxial growth technology.

In fact, this is a natural progression in many ways and is to be expected. The progress achieved in

materials growth of structures with quantum dimensions dictates that new approaches be developed and

refined to study quantum transport phenomena and the physics of small dimensions. However, a

significant change in direction is now warranted. Past transport theory and device modeling

approaches have relied on particle or quasi-paride approaches where the eckan am treated as rigid

mobile entities which undergo intractions with the transport medium. The truetem of the interaction

often involves wave concepts. However, the model is basically a particle model. In the current regime

of quantum ransport we may no longer be able to consider the carriers as particles. It is quite likely

that their physical behavior will be governed either partially or completely by wave phenomena.

Quasi-paricle methods are an atempt to model structures with quantum dimensions which retain

as much of the classical formalism as possible in order to be able to express results in terms of paramn-

eters which ae of the greatest experimental interest, such as carrer velocity and diffusion constan.

This is a flexible approach. However, much care is required to ensure that all important effects are
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properly included because of the approximations involved in the formulations. On the other hand,

more fundamental quantum approaches, such as opertor-eigenfunchon methods, adhere closely to the

actual quantum states present in the device structure when scattering is not included. Scattering

procsses (disipaton) can be added by using perturbation theory from quantum mechanics. Me

techiques can obtain the greatest sensitvity to the resulting carier confinement and the lattice poten-

tials. However, they are relatively inflexible in sudlying non-linear dynamical properies in the pres-

ence of strong dissipation, such as is present in the electum-phonon interaction at high electric fields.

Another approach to quantum timsport relies on the "irmegral over paths" method, originally pro-

posed by Dirac and formulated by Feynmnan [5]. Practical path inegral methods for the study of small

devices rely on an influence functional technkque in which the sourc of the dissipation has been

integrated over all phonon modes. This reuats in a model influence functional where the phoron-

scattering dissipation can be represented as an intemction with a collection of harmonic oscillator

modes in which the translational invariance of the carriers is preserved. The resulting model includes

constan or oscillatory electric and magnetic fields, carrier scmeexng, scattering and dissipation, carrier

confinement, background temperte and initial conditions can be dealt with as readily as for a free

particle [61. The path integral method can be compared and contrasted to other methods now being

studied and supported by ONR, such as the application of the density matrix formalism and Wigner

distribution function approaches including the use of moment equations [7]. Based on our progress in

developing the path integral approach during the past five years, we believe that path integral methods

will play an important role in developing an understanding of quantum transport in reduced geometries

(such as mesoscopic devices [8]). However, because of its intensive computation requirements, the

path integral method is very limited in its application to practical devices. Currently, we are aware of

only one other U.S. university program directed toward applying the path integral method to semicon-

ductor devices. This is the program at the University of Illinois under the direction of Prof. Karl Hess.

Our efforts in the development of this method ame complimetary to the one at nlinois, and we have



collaborated with the Illinois personnel through the use of the NSF Supercomputing Center and the

National Center for Computation Electronics located there. One of our former students, whose Ph.D.

dissentatlon oan path integral methods was supported by this ONR contract, joined Prof Hess, group in

January, 1990 as a Visiting Research Assistant Professor. We plan to maintain contact with Prof.

Hess' group as we evaluate our path integral research directions. We will contimue this work if we can

hime an appmrpriam P.D. candidate.

The work at N. C, State Univrsity xpoted by the ONR under the current conract has pro-

gressed over the pan fiflen yeas from the realm of particle models to quasi-particle models to quan-

tm transport models. We have relied primarily an the Monte Carlo method to study and solve ran-

sport problems in m-V compound -- on u Our tchniques for modeling materials physics and

device phenomena extend to device dimensons arod one thousand angstroms [10,11], and we are

confident in these models for prdicting steady otte and transient device effects down to these dimen-

sions. However, in order to remain in the forefront of transport physics and device research, we must

continue and increase our progress into the realm of dimensions where physical effects can be studied

in device regions with dimensions less than one thousand angstroms. We will continue to explore the

Monte Carlo transport method for study of novel device structures where theoretical underpinning is

neuired. One novel class of structures which will be studied in detail by the Monte Carlo method is

based on the rapidly-emerging psedomorplic or strained-layer devices. These structures permit

extended compositional ranges and, thus, have a number of potential advantages such as higher tran-

sconductnce and channel carrier density. Recent studies on the smain-induced piezoelectic fields have

opfned yet another possibility in realizing ultra-fast switching devices, resulting in an increased impor-

tance on the study of carrier raspota in these devices. Other novel devices which will be analyzed

include delta-doped field-effec u -isors and real-space transfer devices, based on studies which have

begun during the post two yer. In addition, we will incorporate Monte Carlo methods into the

quasi-particle approach based on moments of dhe Boltzmann transport equation with quantum
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mechanical corrections. Preliminary results show die utility of this approach for modeling microwave

and millimeter wave devices which are important to the DoD's MIMIC program.

Finally, we want to re-iterate the important irteractions which have developed between our

research group and other .--searnhers during the last year. These interactions increase the impact of

this program on the field of semiconductor device physics and allow our research efforts to be far more

productive through increased intellectual efforsm d end hance facilities and resources. During the

1991-1992 funding period, we have maintained collaborations with Prof. K. Hess at the University of

Illinois, Dr. H. Orubin of Scientific Research Associates, and Dra. M. Stroscio and G. lafrate of the

U. S. Army Research Office. These research collaborations have resulted in several joint publications

based on mutual research interets, exets and capabilities. There have been several visits between

these laboratories and the loistics for increased collaborations are excellent.

Thus, we believe that we have a well-rounded apprach for this ONR program whnich will lead to

new innovations, arnd practical developnerts in semcndutr device physics, simulation and model-

2.2 Summary of v'esearch Results

This section provides the current status of our research efforts in specific topical areas we have

worked during the past year.

2.2. 1 Hydrodynamic hot-electron trasport model

The primary goal of this research is to develop and implement an advanced hot-electron transport

model suitabl for accurate and e•',cient study of electrnm dynamics in both submicron and ulunsmall

semiconductor device auctures. The model is required to accurately reflect hot-electron effects such

as velocity overshoot aid nosainr effects due to spatial nonuniforinities in average electron con-

cetamtion average elecrnm velocity mid average electro energy. Also, the model is required ¶0 accu,-



rately describe the sreaming motion and dissipation of electrons in multiple nonparabolic conduction

bands (as am present in especially all m-V compound semiconductors). In addition, an electron ran-

sport model is desired which can be extended to the study of quantum systems (i.e., feature sizes less

tha 000 A) where wave-like IactIs-ics (e.g., tunneling and interference effects) are important.

Over the past decade much effort has been focused on the development of semi-classical electron

transport models which accurately reftect hot-electron effects in submicron semiconducting device

structures [11]. The incentive is that nac-qullibPaumnd/or nonstationary effects may be employed to

achieve superior election device penrforance. One Important example of a potentially useful hot-

electron effect is velocity overshoot [12]. In vocity overshoot, the difference in momentum and

energy relaxation times can result in Initial temporal drift velocity, under constant electric field con-

ditions, which overshoots the coro time steady-state (stationay) value. This dynamical

response in election motion is due to the diffeence between the displacement of the electron distrbu-

tion in momentum space and the displacement in energy space (i.e., the form of the nonequibrum

distribution function). For this type of election motion, one cannot use simple models based upon sta-

tionary relationships (which ignore important features of the distribution) to describe the transport phy-

sics. Funiieimore, deficiencies in these near-equilibrium models may also fail to accurately describe

electron transport in submicron device structures even in time steady-state. This can occur when the

electron gas is far from equilibrium and rge spatial gradiens in the electron gas parameters (electron

density, average electron velocity, average electron energy, etc.) exist.

Since classical (drift-diffusion) models assume local stionary relationships (average velocity

depends on the local electric field) and are based upon near equilibrium derivations [121, physically

superior models must be used to fully and effectively study important hot-electron effects. At present,

the problem of treating trusport in submicrmn smures is typically attacked using one of two distinct

methods. The first and most accurate approach has been to aply Monte Carlo simulation methods



[131. The Monte Carlo method is a powerful statistics-based numerical technique for investigating

electron transport physics in semiconductors and semiconductor devices [13). While the Monte Carlo

method provides a relatively simple and accurate indirect approach to determine particle distribution

functions and transport parameters resulting from the Boltzmann transport equation subject to complex

scattering mechamisms, tib approach does have important disadvantages. Specifically, the technique

often requires extensive computation time to arrive at adequate staistics and does not naturally possess

macroscopic terms for physical lnzapretatio.

The alternative (second) approach to study electnx device physics more accurately and efficiently

is to develop macroscopic models which predict average transport quantities as opposed to the full

electron distribution function. In this approach, the description of ecto dynamics is reduced to

hydrodynamic-like conservation equations for electron density, average electron momentum, average

electron energy, etc [14). The hydrodynamic models are derived fhro moments of the Boltzmnm tran-

sport equation which usually include many simplifying assumptions (i.., usually neglect conduction

band nonpaiabolicity, treat multiple conduction band valley effects indirectly and directly or indirectly

make incorrect assumptions about the form of the electron distribution function) about the electron

transport physics. However, if advanced hydrodynamic models, which include hot electron effects

such as multiple nonparabolic conduction bands, are developed and combined with Monte Carlo tech-

niques this is an excellent overall approach. A limited number of Monte Carlo simulations can then be

utilized to verify the accuracy of the simplified models and to supply approximate parametric dissipa-

tion data for the particular materials and/or devices under consideration. These types of advanced

hydrodynamic models, together with the Monte Carlo method, represent a simplified mathematical

approach for accurate and efficient study of realistic transport physics.

Finally, very few hydrodynamic (macroscopic or average ensemble-electron) models have been

implemented to acuately represent quantum effects (i.e., tunneling and interference) present in
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ultramal deleton snuactures. One method to accuratey model stztue with spatial dimensions on

the scale of the de Brogle wavelength (i.e., in the quantum regime) is to utilize quantum hydrodynam-

ics [15,16]. In this method, a set of quantum moment equations are derived by taking momens• [17]

of the Wigner-Boltzmatm equation and closure is obtained using an approximate nonequilibrium form

of the zmo-cunent (equilibrhum) Wiper distrbution fuunction. This procedure results in a set of

quantum-corrce hydrodynunic trnspr equations which have been demonsr, ate to predict quantum

phenomena [15,161.

IDuring the past year, advanced formis of the hydodyamnic trasport model (HTM) were

developed and utilized m tody both submiciun and ulruwnan semiconducting device structures. Firs

an advanced semi-clasuical byrdyui traspor model was develop•ed and Implemented t accu-

ratey predict electron dynamics in multiple nopmoi energy bands, In addition, a new quantum

mechanical formulation of the Aim~ three moment oquations (i.e., quantum hydrodynamic equations for

electirm density, average velocity and average energy) was investigatd and implemntued to pIdict

non-classical tunneling in a double-barie hetezostrctur. The develpmn of the advanced model(s)

was achieved through several separae thetoreical investigations.

First, to determine a method to include the effects of conduction band nonparabolicity into the

macroscopic stremning (collision independent) of the semi-classical HTIh4, the fundamental physics of

electron transpor were investigatd. An altenatue formalismn was developed for deriving a new nonpar-

abolic hydrodyammic transport model adequate for modeling hot electron transport in submicron sem-

iconductor devices. Specifically, the model equations were developed by applying a unique set of

moment operators (%o(k)=l; a constan, *1(k)mu(k); the noprblic velocity, %•(k)m

[m(k)/2Ju(k).u(k)-E•k); an approximation to the panticle energy,) to the collisionless Boltzmnan tran-

sport equation. The operatr, used in this an&ysis, r~eprsenta significant imprvmn in the

developmnent of the bydrodynamic transport model since they lead to a more compact mathematical
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form. This resulting form can be manipulated more easily and reveals dearly the allowable simplify-

ing approximations. An intuition-based distribution function was proposed as a constitutive (essential)

relation t close the moment equations. This mmz nonparabolic distribution function, which is

derived in velocity space for mathematical convenience and approximates some of the characteristics of

the true nonparabolic distribution function, was then analyzed and used to develop a set of transport

parameters. After development, the sults from two idepiedent Momn Carlo transport models were

used to evaluate the nonparabolic transport parameters. These models were used to investigate electron

transport in both stationary (uniform electric field) and nonmtationary (ballistic diode) enviroments.

The results of these studies show that there is excellent agreement between this new nonparabolic tran-

sport model and the Mome Carlo calculations. Hence, this new nonparabolic transport model presents

a viable alternative to studying realistic electronic device strucur operating under high bias condi-

dons.

In the previom analysis, specific macroscopic collision terms are omitted. This is done to permit

a concise focus on the streaming (collision independent) terms that evolve from the application of non-

parabolic conduction bands. The collision terms, which are almost always treat phenomenologically,

has been developed separately for a nonparabolic multi-valley sysem (GaAs). Specifically, multi-

valley dissipation is included in the model using an ensemble relaxation time approximation. The

numerous intravalley and imervalley relaxation times were calculated using the Monte Carlo Method.

In order to extend the modeling approach to the quantum device regime, a technique was invesi-

gated to develop quantum corrections for the hydrodynamic equations. The set of quantum-corected

transport equations which we have developed end investigated were based upon quantum moment

equations of Grubin and Kwskovsky [15]. Grubin and Kreskovsky previously constructed a set of

quantum balance (hydrodynamic) equations applicable for electron transport in mesoscopic structures.

Their model was derived from the general moment equations of Strosco [ 17] using the displaced none-
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quilibrium Wigner &d on functim of Ancona and lafrate 118]. These resulting quantum hydro-

dynamic equaions incorporate quaumn effect through the intrduction of terms (corrections) with

density gradient dependen.

Both the advanced eml-clIlcaland the quantum-corected hydrodynamic transport models

(HrrMs) were used to study electon tmsport In novel semiconductor device smuctures. A geneual

numerical algorithm wu impanamned to solve the resulting system of nonlinear differential equations

[from both physical mods)J for arbitrary one-space-dimensionl n4ype stucmres. The numerical

alg 1th uti a local simukaneous-coupled (Newton) iteration approach in tandem with a global

physics-based continuation. Simulaton results were generated for a single-valley (r) HITM, with quan-

tum conections, applied Io a doub a ,re • te osauctart with Al2Ga 1..As barrier This study was

the first to use the three quantum hydrodynamic (QHD) equation t study transport in I etepastructue

dev the key additional feature of die QHI equations is die incorporation of the effects of density

gradients though die quantum potentiaL Insofar as a classical solution does not exist In the presenee

of barriers, Q (i.e., one of the major quantum correction tmes) must at least partially cancel the effec

of the barriers and permit carrier rnupoiL. Indeed, as is shown in Fig. 1, Q3 does approximsely bal-

ance the baier potential which is a remult consistent with Ref. 15. In this wo*k, te quantum

corrected HIM was used to demonsmta that the hydrodynamic approach can be used to study

ultasmall election devices.

In another simulation study, a simplified form of tde multi-valley hydrodynamic transport model

was used to investigate the feasibl~ity of utilizing the velocity overshoot effect in reducing elect=

transit time dhough submicron GaAs electronc device structures. In this initial investigation with the

new mu/d-va//ey model, which incorporates a separate set of hydrodynamic equations for each conduc-

tion band M". L and X) and allows for dectron exchange through energy dependent relaxation parame-

m, the nonparaboc corection teams were be suppressed. This was done to simplify the analysis and
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Figure 1: Conduction band (B.) and quantm potential (Q) at V..,p.w = TSOV. The source
and colector reions ae ecluded from the plot.
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to provide a base for future norparabolic studies. This new mult-valley model was applied to a novel

submicron GaAs ballistic diode structure with bangp engineered electric field spikes (and/or doping

spikes) in order to reduce upper valley occupancy and enhiance device tranisit time using the velocity

overshoot effect 7Te general results of the study (summarized in Fig. 2) indicate that. while velocity

speed-up is minimal in the neWi of the active (low-doped or high-electric field) region. velo-

city overshoot can be extended into the collector (low-electric field) region with significant transit time

eSince these results are consistent with other independent investigations using more accu-

rate (Monte Carlo) techniques, this work has proven that HTMs are a viable alternative to these more

computationally intensive methods.

We have also determined doe impact of k-space transfer (i.e., intervalley transfer) and band non-

parabolicity on eectron were determined. In this work, variations of the multi-valley (17, L, and X)

nonpaabolic hydrodynamic transport model was used to study a submicron GaAs ballistic diode.

Numerical simulatiom indicate that accurately including the effects of nonparabolicity in the streaming

terms and k-space transfer in the velocity and energy equations is very important in correctly determin-

ing the conductance of the device. The existence and amount of negative differential conductance was

determined to be strongly influenced by both of these physical factors. Furthermore, tie sensitivity of

device conductance to changes in the thermal conductivity is diminished significantly when nonparabol-

icity is accurately incorporated. Results for the total current density versus applied bias, for different

variations in the model are given in Fig. 3. These simulations have demonstrated the pronounced

effects of conduction band nonparabolicity and k-space transfer on electro ansport in a GaAs bda -

tic diode. Therefore, the study of nonequilibrium and nonstationary electron physics dhld be per-

formed with this type of advanced macroscopic transport model.

Mor recently, work has been performed to develop an exanded Scharfeter-Gummel current-

density discretization formula sufficient for solving an advanced hydrodynamic electron transport model
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(HTM). While this extended fonnulation propedy incorporas many advanced effects associated with

hot-elctn transport, its primary feature is the accurate reannent of the convection term (or displace-

ment energy term) which is present in both conventional (i.e., drifted Maxwellian model) and the

advanced nonpambolic model previously discussed in this report. In general, since the success of any

numerical simulation (for a wide variety of device structures and operating conditions) is critically

dependent on convergence rate and numerical stability. the choice of an efficient discretization scheme

is very important. Currenly, most robust discmtzation fonnulations for HTMs utilize extensions of

the Scharfetter-Gummel (SO) scheme which was found to be stable in drift-diffusion (DD) model

simulations. However, most extensions of the SO formula for HTMs either ignore convention terms or

else assume a priori that they ar defined in a previous step of an iteration procedure. A simple

analytical approach for directly including convection effects into an extended SO formulation has been

established and several versions of this discretiton are under investigation. Presently, the stability

and efficiency of this new discretization formulation is still under investigation.

Finally, work has been performed to interrogate the influence of different device stuctures and

boundary conditions on the resultant heat flow vector (a transport parameter in the HhII) using the

Monte Carlo Approach. Thus far, we have observed that the sign of the heat flow vector is a function

of position in ballistic diode structures and that boundary conditions do influence the effective conver-

gence rate (i.e., simulation time to achieve correct symmetry of the electron distribution) of the Monte

Carlo method.

2.2.2 Modeling and characterization of novel high speed devices

During the past contract period, we have studied election Utasport properties and electrical

cfor a number of high speed device structures, including delta-doped GaAs MESFETs,

AlInAs/GaInAs/InP HEMTs with different additional channel doping chaacteristics, novel real-space

transfer logic ransiso structures, and devices with variable doping profiles. The motivations of our
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research on these structures are to provide in-depth understanding of electron transport in devices, to

investigate th possibility of realizing novel high speed functional device structures, and ID provide

general design guidelines for optimal device opersion.

As a promising high speed device, the dela-doped GaAs MESFET features high current drive

capability, high - ,Iuaioe improved trsodd voltage cml, and improved breakdown

chac r-stics. The study of properties of delta-doping In GaAs predicts that device performance of

delts-doped GaAs MESFEs is compraMle or even be=ter than those of AlGaAs/GaAs HEMrs [191.

However, experimental results show a wide diversity and fall short of theoretical predictions. The

design and optimization of device structure (especially delta-doping profile) play an important role in

guiding the improvement of device perfotrma Another high speed device, the AUnAs/lslnMW -

based HEMT, has been the focus of extnsive expemental study due to superior electron transport

propeties in this im a d maeral system. While promising dc and microwave peuroances

have also been achieved, high output conductance has been repeatedly observed for devices with

chanm•e-ngth in the deep-submicron (less than 03 pm) regime [20,21]. Physics insight leading to the

high output conductarce and potential solutions merit careful investigation if potential advantag of

AilnAs/GalnAs HEMTs ae to be fully exploited. TMe third device stricture which we have investi-

gated this year belongs to a new class of devices which employs the concept of electron real-space

transfer [22] in he tion stuctures. The charge injection transistor (CHEM [23] and the

recently-developed CHINT logic element [24] ar representative devices. Theoreical predictions and

experimental evidence from CHINT operaion indicate the possibility for developing novel and

improved multi-terminal real-space trasfer devices which can realize multiple logic functions. Our

last work in the area of device modeling deals with the effects of electron transport in devices with

variable doping distributions. Such device structures can be realized by utilizing advanced fabticatio

techniqes, such as focused ion bemns or epitaxy (MBE, MOCVD, ALE) methods. The potential

advantages of variable doping in device charnel or acive umsport region can best be realized when
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detailed electron transport properties in practical device structures am understood and doping scheme

optimization is achieved. In the following, we outline the main results of our theoretical study. More

detailed descriptions for each subject can be found in th related papers and presentations.

A. Delt-dopd GaAs MFSFET

Fqgure 4 gives a schematic illustration of the device structure which we have simulated, along

with the delta-doping profile. In this work we use a two-dimensona, drift-diffusion model to exam-

me dte influence of key desilg paametes on device operation. Them parameters ame (ig. 4) peak

doping density, half width at half maximum of the doping profile, and distawc from the location of

peak-doping to the device surface, top layer background doping, and lateral festure sizes. The general

design coi--sideraoN and trade-offs am studied. In particular, our simulation reslts reveal th 1) A

steeper doping profile and a short gte-t• anel distance ar preferred for improvement in device per-

fobrmanc 2) The peak dela-doping concentration and half-width at half maximum of delta-doping

profile am found to have a more profound effect dun does deta-dapin depth (V) in eharced overall

device performance. And 3) caredf trade-off hould be made in the design of top-layer badkgrund

doping in terms of current drive, hr ais ductaine, and threshold voltage sensitivity control. Our

results show that a relatively high top layer background doping is preferred to increase drive current

and reduce relative threshold voltage shift (due o processing parameter fluctuations) at a cost of a

modest reduction in "uMsoxuctarmce. Simulation rsults am in clos agreement with -e--u I -s

from experimental devices fabricated at Texa Instruments using atomic layer epitaxy material prepared

in NCSU.

B. AlnAs/GaInAs HEMT

Figure shows the simulated quarter-micron-gate AlbinM alnAs HEAT stucmre which

employs different additiona crel doping (n, i, and p) Monfigrato. The motivation is to stody
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the effect of additional channel doping on device transconductance, output conductance, and high fre-

quency performance. The AllnAs/aInAs/n material system appears to be the most promising candi-

date for high fteqency aplications. fioweva, for this material system, high output conductance has

been an major problem tht degrades high frequency performance when the HEMT device feature size

is reduced to the ultrasbmlicion (less thn 0.3 pm) regime. This has been reported by several research

groups. Atemps have been made experime1Pally to reduce output conductance, however, physical

insight remains an umknownL In difs worl. we investigated the possible mechanisms which lead to

enhanced or degraded device performance in different channel-doped structures using two-dimensional.

self-consisti ensemble Mone Carlo simulations. Our result indicate that conduction in the AllnAs

buffer layer and reduced electric field shielding in n-channel doped HEMT ae the possible reasons for

increased output conductane.o By use of a properly designed p-doped channel layer, we observe

significantly reduced output conductance and increased conductance compared with those of n-

charnel doped HEMTs. Detailed analysis indicates that improved electron confinement in the device

channel and increased field shieding for HEW with p-channel doping improve overall device perfor-

mance. Our simulions are in reasonable agreement with measurement results from experimentally

fabricated devices [with different additional channel doping (UCSB and Hughes Research Lab)].

C. Real-space traqzfer logic transistor

The basic real-space trasfter logic transistor (RSTLT) is a four-terminal device, which has two

separate collectors (Cl and C2) as output terminals when connected through load resistors (Rc, and

Rc2) to the collector supply voltage (Vc); a drain input terminal (D); and a common source terminal

(S) which is at ground potential (Fig. 6). The operational principle of the proposed RSTLT is based

on the localized nature of mal-space transfer of hot electrons in such structures. Channel electrons

gain energy from the laeral electric field and ral-space tranfer occurs when the energy of electrons is

comparable to or higher dtn the heterintface barier height. The Mnfered electrons will be col-
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lected by either Cl or (2 through vertical electric field. For a given heteroinmeface barier height, the

spatial location of electron RST is determined primarily by the bias conditions. By properly designing

the device configuration and selecting the operating voltages, ultra-fast current exchange between two

colectrs can be controlled by the applied drain voltage. Compared with CHINT structure, the pro-

posed RSTLT employs: 1) a recessed Cl collector to enhance the vertical electric field intensity under

Cl for matched output collector current 2) unintentionally doped channel and barrier layers for

reduced collector-source and collector-drain leakage cunents, and 3) a collector-up device configuration

to reduce parasitic capacitance and to facilitate proper arragment of the device terminals.

In this project, we employ a self-cosite ensemble Monte Carlo model to perform the device

feasibility study. Figures 7 and 8 show the current-voltage da mcteristics and transient currem

response as a function of time, respectively. A characteristic delay time of about 3.0 psec can be

achieved, which would make the RSTLT one of the fastest switching devices reported to date. This

characteristic current switching (between two collector terminals) can be utilized to realize a multi-logic

element in a single device stuctwre. We have performed case studies to demnonsute that by properly

selecting device dimensions and the resistor load elements, collector terminals C1 and C2 can function

as logic NOT and EQUIVALANT of input terminal D. Based on these results, we propose a RSTLT

logic element (Fig. 9), which features NORIAND fictons (Cl functions as NOR of DI and D2; C2

functions as AND of DI and D2, respectively) and a comparable characteristic delay time as that of the

basic RSTLT.

D. Effect of doping variation on electron transport

High performance electronic systems require devices with high current drive capability, high tran-

sconductance, high breakdown voltage, and low parasitic resistance. Currently, most semiconductor

devices employ doping techniques that control doping profiles in the vertical dimension (e.g., uniform

dophig modulation doping, and delta-doping, that is, perpendicular to the direction of carrier
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transport. The rapid development of new technologies makes possible changes in doping profile in

both lateral and vertical (parallel and normal to carrier transport, respectively). This added degree of

f•eedom for "doping engineeing" can possibly result in novel and improved device structures. The

motivations of this project are to study the effects of unique variable doping profiles on electron tran-

sport properties and to assess potential device applications.

We apply self-onsistent semble Monte Carlo model to study a GaAs n+-n-ne test device.

Doping schemes are ramp-doping (ramp-up and ramp-down) and spike-doping (single-spike and mult-

spike) in the n region. In order to have meaningful comparisons among these structures, we apply

conditions of identical minimum doping density and the same total integrated dopant in the active n

region. Figure 10 shows the current-voltage characteristics of ramp-up (from the left n-n junction),

ramp-down, and two constant doped structures. Figure II compares the current-voltage characteristics

for one-spike and three-spike doped structunr It is found for conditions of identical minimum doping

density and total integrated dopant in the n region that: 1) the most significant improvement can be

achieved by employing a structure with a ramp-down doping scheme. 2) Introducing nh spike(s) in the

active electron tansport (n) region brings improved device performance compared to devices without

n+ spikes. For the one-spike doped structure, electron transport is independent on the location of the

n+ spike. However, less significant improvement is observed for this structure due to the presence of

retarding fields over a large portion of the n region. 3) Further improvement can be achieved by split-

ting one n÷ spike into several spikes in the n region. The redistribution of electron density and the

reduced effect of retarding electric fields bring an increased average electron velocity and a resulting

higher current drive capability. These results indicate the possibility of enhanced device performances

for FET devices which employ proper variable doping schemes. Potential advantages of variable dop-

ing in normally-on FET device applications include enhanced current drive, reduced source resistance,

and improved breakdown characteristics.
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2.2.3 Modelinx of hot elections in silicon devices

For the past fifteen years, the silicon MOSFET industry has been dealing increasingly with prob-

lems related to hot election injection intc w oxide with production mode devices. For even longer,

laboratories have been measuring and modeling hot election injection into the oxides with various lev-

els of success [25]. Frequently, the model of choice has been the "lucky electron" model coupled with

a drift-diffusion simulator. While the "lucky election" model has enjoyed a reasonable amount of suc-

cess, we have recently entered the regime [26] where drift-diffusion simulation is no longer accurate.

With this reality, researchers have increasingly been forced to switch to hydrodynamic and Monte

Carlo simulators to better predict the behavior of devices. Using these models (especially Monte

Carlo), significantly more information about the electron energy distribution is available, giving us the

opportumity to improve upon the "lucky election" model. Full theoretical treatment of the entire hot

electron injection condition poses many serious technical difficulties [27] but some first pass efforts

[281 indicate we may have a reasonable hope for success. We can then couple these injection charac-

teristics with the oxide trapping characteristics [29,301 to give us a second generation model to sup-

plant the "lucky electron" model.

Within the past year. we have developed a state-of-the-art Monte Carlo simulator of electrons for

silicon devices. This simulator uses a realistic band structure (derived from pseudopotential calcula-

tions) for the best accuracy in simulating band effects on electron simulation. It also uses an ensemble

method of modeling which allows the simulation to account for both spatial and electron-election inter-

collisional effects in a self-consistent manner. In addition, our Monte Carlo model includes all of

major scattering mechanisms important for silicon simulation. These mechanisms are acoustic phonon,

intervalley phonon, impact ionization, ionized impurity and electron-electron scatterings. This rather

accurate implementation of physical details results in a reasonable field vs. velocity and scattering rates

which compare favorably with the full nmnerical calculations of Fischetti [311.
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In order to accurately model complex device structures, we have also developed a non-uniform

mesh Poisson solver which is re-evaluated at frequent time intervals to reflect changes in the potential

distribution due to the movement of the electrons in the simulation. This movement is mirrored in the

calculation of background hole concentrations. The carrier concentrations remain self-consistent by

updating the hole concentrations using the quasi-Fermi level derived from the Poisson solution. At the

same time, an efficient method has been implemented which allows to transfer PISCES-modeled and

developed structures into one of our Monte Carlo runs. This approach will improve overall computing

time and efficiency significantly by providing a smart initial guess and, thus, will permit us to concen-

trate to the regimes of sensitivity in a greater detail.

Calculatns of actual MOSFET structures is now finishing the debugging stage and the prelim-

inary data begin to show the importance and value of our model in the study of hot elctron effects

and the related aging issues in these devices. Figure 12 demonstrates that elecons experience a

significant velocity overshoot region even at reasonably long channels (I p~m) when stressed at high

voltages (Vd=- V. V-=3 V. Vi=Vb=O V). The electron energy distribution tail in the drain pinch-off

region is also seen to have a significant population beyond the 3.1 eV necessary to inject electrons into

the oxide as shown in Fig. 13. Such details are the essential information to understand nonlinear elec-

tron transport in submicron devices. We expect to obtain more data in our effort to develop a realistic

model for oxide trapping and the generation of interface states at the Si/SiO2 interface within the next

few weeks.

2.3 Publications and Presentations

During the last year we have made six oral presentations at national and international confer-

ences. Also, twelve written manuscripts have been published in the refereed literature. In addition,

another manuscript has been accepted for publication and six manuscripts have been submitted or are

currently in preparation. The following paragraphs summarize the presentations and publications made
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under this program during the last year, and include material not previously reported to ONR in the

last annual report as well as material which was accepted for publication in 1991 and has since been

published in 199.
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An Investigation of the effects of doping profile variations
on AIGaAs/GaAs high electron mobility transistor performance
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We present results from a theoretical study of the influence of doping profile variations on
the performance of delta-doped A1GaAs/GaAs high electron mobility transistors
(HEMTs). An ensemble Monte Carlo simulation coupled with a self-consistent solution of
the two-dimensional Poisson equation is used to investigate HEMTs which employ
both single and double delta-doped profiles with varying doping configurations. The calculated
results reveal that single delta-doped HEMTs designed with identical threshold voltages
exhibit improved device behavior when thinner delta-doped layers with more heavily doped
concentrations are utilized. For double delta-doped HEMTs with an identical total
doping in the AIGaAs layer, improved threshold voltage control is obtained as the spacing
between two delta-doped layers increases. However, this increase in spacing also
causes a degradation in transconductance, cut-off frequency, and switching time. As gate bias
increases, the dependence of device performance (or degradation) on the spacing
between doping planes becomes less pronounced due to the upward shift in threshold or
"onset" of parallel conduction in the AIGaAs layer.

I. INTRODUCTION surface states have significant influence on practical device
operation. 19-24 Therefore, the development of more accu-

The high electron mobility transistor (HEMT) was rate and complete device models must include these effects.
first developed in 1980' and, today, the AIGaAs/GaAs Furthermore, it is important to explore new approaches
HEMT remains as one of the most important heterojunc- which can lead to improvements in AJGaAs/GaAs
tion structures due to its excellent device performance, the HEMT. Specifically, reducing series resistance and in-
maturity of the materials growth technology, and the ex- creasing current drive capability of the single delta-doped
cellent lattice match for the AIGaAs/GaAs material sys- HEMT structure is of importance for microwave and
tem. Further device improvements are needed in order to power applications. As an alternative, a structure with a
fully exploit the potential of AIGaAs/GaAs HEMW struc- second delta-doped layer introduced in the AIGaAs layer
tures. Unfortunately, improvements in "conventional" uni- (i.e., a double delta-doped HEMT) could be used. TIhis
formly doped HEMTs are limited by the occurrence of structure, while unavailAble experimentally, merits study
persistent photoconductivity,2 threshold voltage shift,3 and since the introduction of a second delta-doped layer could
collapse of current-voltage (U-1) characteristics 4 due possibly provide more drive current and reduce source-gate
largely to effects caused by DX centers and surface states, and gate-drain series resistance without reducing the ad-
The use of low Al mole fraction can reduce these effects; vantages provided by single delta doping. A double delta.
however, this also reduces the conduction-band edge dis- doped structure can be realized by molecular-beam epitaxy
continuity, resulting in decreased channel electron density or metalorganic chemical vapor deposition technologies.
and degraded device performance. This inherent limitation However, a theoretical study can provide guidance for the
can be circumvented by device structure modificatioMn experimentalists to assess the performance of such a device
such as those employed in delta-doped (also referred to as and its dependence on doping parameters and bias condi-
pulse-doped or planar-doped) AIChaAs/GaAs HEMT tions.
structures. Recently, delta-doped HEMTs have attracted With these motivations, we employ physical device
much attention. Experiments show that these devices models to examine the effects of doping profile variations
achieve improved threshold control, high channel electron on the performance of two sets of HEMT eevices. The fAst
density, reduced trapping effects, and high breakdown set includes single delta-doped HEMTs with varying dop-
chracteristicO.'t° ing configurations and constant threshold voltage. Also,

Detailed investigations of deltA-doped HEMTs are for the first time, an attempt is made to analyze the per-
eces ayto reveal and undetaMnd the underlying device formance of proposed double delta-doped HEMTs. This

physics. While extensive study of conventional uniformly second set of devices is studied by varying the spacing
doped HEMTs has been reported,'18 the theoretical in- between two delta-doped layers with identical widths and
VestillatiOll of delta-dOped HEMTs is rar119t19 The opera- total doping concentrations. Device performance is exam.
tion of submicroin delta-doped HEMTs involves nonsta- ined in terms of threshold voltage control, transcaWuc-
tionary electron transport and real-space transfer tance, cut-off frequency, and characteristic switching
eff•,•ts.'7 1 MAII the degeneracy effect, DX centers and times. [Since the main purpose of this work is to study the

4593 J. AppL Phys. 70 (), 15 October 1991 0021-9979/91/064593-06503.0 4 1991 American krstllst of Phic 4503



S'upda~ttices and Moicroso'utures. Vol. 10. No. 1. 1.991 47

PATH-INTEGRAL MONTE CARLO CALCULATION OF
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A pa&etinter Monte Cwrl method far calcuatesa of zeal mehf~cs es af free
and =81ed marner at sea-em tePmpeaUre is presented. An ellc.~eal nme-.

ical method foa calculatiag the pelseptical phoase, influmne Iuractisaul has been
developed mand incerparate iate a previosliy developed PIMC for calculating equia-
librium properties of uncouple carriers As illustrative examples, calculatians of
eaurer real selfkeergies: ane performed for hulk 0.4. as a function of temperature,
and for AIOaA#.eA*-llhc square quantum wire at 77K mand 300K as a function of
wire width. The self-energie obtained here, is part, represent sew reslts for these
systems. where Previous reults are available, the agreement is good.

1. Introduction Vice geometries. eRae, a PIMO Method for calculating
free mad confined carrier self~energus at wes-sap ten-

The Pegummnpditgu (PPI) formulatios Of qua11- peatiure is preseated.
turn mechanics aiinoi formal inludsion of carrer phases
ompiling te all ornr In the coupling potential 11,21. For 2. heynnman Path-Integral Formalism

this rewilam. thM farmialism eong has hems used to ana-
lyUMtcal calculate carriea reald l-eege and effective in the F"1 ferrmalls,, for a coupled carrier-phasesn syj.
minses is huk semsimaducters 13-61. However, axes%. tee, the equilibrium density matrix for the carrier av.
sas Gatbte FF1 formalissm to analytic study of ultrasmall warad over the phwase cooriniates mand subject to a
devices has bees hindered by apprezlmatiess required to Maxwell-Dltzmass diatibtioniis is esergie at temper-
model "osB"e geometries 171- Prevlessy, though ift. atom T is lives by
proved results woef sot obtaised, it wins demonstrated
that carrier selfeneries Witul sesslcosductacs at 5K ( T)- xp i lmIt)'+VFjju
coeld be calculated using numerical pet&Jntcgv Men"e J L jel o s +JvmIi
Cw*l (PIMO) methods as well IP-I0. However, to the xj~~ l
best Q( the authers, knowledgep, thes calculations werumI
a" extended to nosser. temperatures or confined do. ateaf..vzr w s nitgal e a

pathis from, ; to F tAt wre aoutivsous functions dUattm,
*Currn addrese mad Yj#1()j is the injlMaser fiwicliviw lk ithat m a jeutsr
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Hydrodynamic electron-transport model: Nonparabolic corrections to the streaming terms

D. L. Woolard, H. Tian, R. J. Trew, M. A. Littlejohn, and K. W. Kim
Electrical and Computer Engineering epanrment, North Carolina State University, Raleigh, North Carolina 27693-7911

(Received 9 April 1991)

This paper presents a hydrodynamic model suitable for studying hot-electron transport in semicon-
ducting materials with nonparabolic conduction bands. The model presented is based upon a unique
derivation of the moments of the Boltznwmn-transport equation for the streaming (collision-independent)
terms. This derivation implements an efficient and compact mathematical formalism appropriate for
electrons under the influence of high electric fields and nonstationary conditions. The theoretical inves-
tigation also introduces a distributional form with nonparabolic properties to precisely define the result.
ing nonparabolic sbaming parameters. The final set of model equations is exhibited in a fashion to
clearly show the correction factors to the more familiar hydrodynamic model applicable for the
constant-effective-mrsm case. In general the hydrodynamic (or conservation) model contains pure tran-
port ternm that ame treated as being independent of the specific dissipation mechanisms and colinsion
terms to directly account for the influence of scattering. Since the collision terms are almost always
treated phenomemoIogi caly using a relaxation-time approximation. our formulation of the streaming
terms should significantly improve the overall accuracy of the approach. In addition, this paper presents
the results of an extensive investigation of the assumed ansatz distribution and resulting nonparabolic-
model parameters using an elaborate Monte Carlo model. The Monte Carlo technique was used to gen-
erate comparison electron distributions and exact values for the nonparabolic transport parameters for
stationary and nonstationary electronic structures. In all cases, excellent agreement was found between
the Monte Carlo-calculated parameters and the derived nonpamabolic-model terms. The Monte Carlo
calculations alm revealed that the Santz distribution used in the derivation represented a significant im.
provement over the more familar displaced Jaxwellian. Therefore, this model sboukl prove very valu-
able for studying electronic-evice structures operating under high-bia conditions.

1. INTRODUCTION formed by Stratton utilized a spherical harmonic expan-
sion with the relaxation-time approximation to define a

During the past two decades there has been an in- nonequihibrium distribution which was only slightly an-
creased use of hydrodynamic conservation models to in- isotropic. This analysis replaced the nonequilibrium dis-
vestigate nonstationary and nonequifibrium electron dy- tribution by a Maxwellian distribution function in some
namics in submicrometer semiconductor devices.1-1 4  terms of the BTE. Thus some of the streaming terms in
These models, referred to by some!$'t 6 as the hydro- the final transport equations were suppressed. Blo-
dynamic equations due to their similarity to the Euler tekjaer" extended the theory, using a more general
equations of fluid dynamics'7"3 used in classical hydro- analysis which retained all terms of the moment equa-
dynamics studies, are based upon higher moments of the tions, and derived relations applicable to a two-valley
Boltzmann-transport equation (BTE). The popularity of semiconductor. These previous investigations were appl-
the hydrodynamic electron transport theory is due to the icable to semiclassical transport and assumed homogene-
physical and practical attributes of the approach. The ous materials with parabolic conduction bands.
hydrodynamic models have the caprbility to include non- Since the early work of Stratton and of BlotekJaer, the
stationary and hot-electron effects and hence are superi- hydrodynamic approach has been utilized extensively to
or to simple drift-diffusion (extreme thermal equilibrium study various transport phenomena in many different
approximation"0 and local-electric-field-dependent case) Si,6'-9 O GaAs 1

°
2 3"'4 and heterostructure",I',2 electron

models. While Monte Carlo methods that solve the full devices. The particular material, device configuration,
BTE can easily incorporate complicated bend structures and bias conditions under consideration have led to a
and detailed scattering rates, hydrodynamic models re- variety of acceptable simplifications and to a hierarchy of
quire much less computation time to generate solutions approximate electron-transport models (for example, see
and possess macroscopic term which offer important Sandbom, Rao, and Blakely" and references therein).
physical insihL Thus the hydrodynamic approach offers Also, much effort has been directed toward developing
much flexibility for future theoretical electron device numerical techniques to solve the hydrodynamic tran.
studies. port model self-consistently with Poisson's equation for

Stratton" introduced the general consevation or many semiconductor structures. This has included
momentum-eneraj balance approach to investigate hot- methods for soMving the problem with and without time
electron tramport in semiconductors. The analysis per- dependency and in multiple space di-nensionss'M as well
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A Study of Electron Transit-Time in Ballistic Diodes

Using a Multi-Valley Hydrodynamic Transport Model

D.L. Woolard, R.J. Trew, M.A. Littlejohn and C.T. Kelley

High Frequency Electronics Laboratory
Electrical and Computer Engineering Department

North Carolina State University
Raleigh, North Carolina 27696-7911

Abstract

A new multi-valley hydrodynamic transport model has been used to investigate electron transit time
through submicron GaAs electron device structures. The study was performed to determine the feasibility
of utilising the velocity overshoot elfect in reducing the overall transit time. This new model, which
incorporates a separate aet of hydrodynamic equations for each conduction band valley (F, L and X)
sad allows for electron exchangp through energy dependent relaxation parameters, is applied to a novel
structure which reduces upper valley occupancy and enhances device transit time. The results of this
study indicate that while velocity speed-up is minimal in the neighborhood of the active (low-doped)
region that the velocity overshoot can be extended into the collector region (high-doped) region with
signalcaut tramsit time enhancement.

Introduction

In recent years, a great interest has developed in utilUsing velocity overshoot in both GaAs homojuactios
and heterojunctiou BJT's to achieve lower electron transit times and hence higher operating frequenciesil,
2, 3). Investigations of these devices have shown the emitter-collector transit time (r..) and the collector
transit time (r.) to be dominant factors in determining the total transit time[4]. This fact has directed
much energy in the simulation and modeling communities toward designing and studying electronic
structures which would reduce these figures of merit (r.. and r.). In fact, there have been many theoretical
results (6,6, 7J which indicate that velocity overshoot can be exploited, by select designs and proper biases,
to achieve very efficient high frequency devices. However, questions have been raised as to whether
conventional device structures can exhibit such enhanced elects. Also, simulation evidence has been
reported to indicate that velocity overshoot may be over estimated in such structurest8l.

In this paper, a new multi-valley hydrodynamic transport model is used to investigate the feasibility of
utilising the velocity overshoot elfect in reducing electron transit time through submicron GaAs electronic
device structures. In previous work (9, 101, a novel approach has been.presented to incorporate conduction
band nonparabolicity into the hydrodynamic model. Hlowever, for this initial investigation with the new
multi-valley model, which incorporates a separate met or hydrodynamic equations for each conduction
band (F, L and X) and allows for electron exchange through energy dependent relaxation parameters,
the nomparabolic correction terms will be suppressed. This was done to simplify the analysis and to
provide a base for future uouparabolic studies. Additional features of the model include sesf-consistent
potentials and realistic boundary conditions.

111-7
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Impact of k-space transfer and
band non-parabolicity on electron
transport in a GaAs ballistic diode

D L Woolard, H Tian, M A Littlejohn, R J Trew and
K W Kim
Electrical and Computer Engineering Department. North Carolina State University,
Raleigh. NC 27695-7911. USA

Abstract. In this paper. the results of studying a submicron GaAs ballistic diode.
using a new mufti-valley (1. L and X) non-parabolic hydrodynamic transport
model, ae presented. Numerical simulations indicate that accurately including the
effects of non-parabolicity in the streaming terms and k-space transfer In the
velocity and energy equations is very important in corrctly determining the
conductance of the device. The existence and amount of negative differential
conductance was determined to be strongly influenced by both of these physical
factors. Furthermore, the sensitivity of device conductance to changes in the
thermal conductivity is diminished significantly when non-parabolicity is
accurately incorporated.

1. Introduction correctly including non-parabolicity effects in the hydro-
dynamic model reduces the amount of negative dif-

Advanced macroscopic transport models, based upon ferential resistance (NDR). Also, the amount of NoR was
moments of the Boltzmann transport equation (M1!) as found to be less sensitive to changes in the thermal
opposed to a full microscopic description (e.g., the Monte conductivity when non-parabolicity is accurately in-
Carlo (Mc) approach), are valuable tools to efficiently corporated& Therefore, these results verify the importance
investigate electron dynamics in submicron semicon- of both non-parabolicity and intervalley effects in the
ductor structures [1]. However, these models must ac- uIr
curately reflect non-equilibrium and non-stationary
electron physics before they can be applied successfully to
a wide variety of device operating conditions. Presently, 2. The hydrodynamic transport model
the majority of macroscopic electron device models treat
the multi-valley problem indirectly (effective single- For these studies, a submicron GaAs ballistic diode (see
electron gas approximation) and ignore the full effects of inset in fisure !) will be considered with transport in each
band non-parabolicity [2]. When more complete mcro-
scopic models are implemented, they sometimes predict
questionable results. For example, a two-valley (parabo-
lic) hydrodynamic model has been used to derive .. ir . qlure.., iVppu
negative differential conductance in a GaAs Trr while n•

corresponding mc simulations indicate no such effect [3]. -" -------------------

in this paper, a new hydrodynamic transport model ,.....--. - _ _....

(ifm) suitable for studying hot electron transport in
multiple non-parabolic conduction bends is investigated. . ..........
The impact of k-space (intervalley) transfer and band
non-parabolicity is examined by studying variations of .=
this iTm. To determine the influence of these effects
individually, these various forms of the model Weres, ,, •

applied to a submicron GaAs ballistic diode. Numerical Appied.ic peomod ( Vels)
simulation results indicate that including the effects of
non-parsbolicity in the streaming terms and intervliey Figure 1. Total electron current density against appliedelectric ponti for a submicron GaAs ballietic diode (lss
scattering in the veocty and energy equation strongly Inet), Reults for variations in the mM (broken
influences the characteristics of the device in the non- curves) and a MC study (full curve). He I - 1 in the
linear (saturation) regiom. These results demonstrate that rM.
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ENSEMBLE MONTE CARLO STUDY OF A NOVEL HETEROJUNCTION

REAL-SPACE TRANSFER LOGIC TRANSISTOR (RSTLT)

H. Ties, K. W. Kim, mand M. A. Littlejohn

Departoment of Electrical and Clomputer Engineeing
North Carolina State University, Haleigh, NC 27693-Til1

ABSTRACT RSTLT STRUCTURE AND SIMULATION
112THOD

A neovl rea-space transfer logic transistor (RSTLT) is
propo bsedhmd on the reelspace transfer of hot electrons in Figure I shows the proposed RSTLT structure. The den.
a 16mr-insia beee~j.,,com microsucturs. Smfcmmft vice has two separate collectors (C0 mand 102) as output ter.
sat steady-state mad transient Monte Carlo simmulations domm admah; which an connected through load elements (R) to
castrate that the RSTLT feature both logic fiezibility and the positive power supply (Vc), a draia (D) input termi.
ultrafast switching speed. Calculated reults show that the nal mad a commosn omem (5) termoiam which is at pround
proposed RSTLT remalizs NOT and EQUIVALENIT logic potential. Whon D is blamed at logic Isi (positive logic),
fuactions in a mingle heteraounctics device mand a conser. Chan"e electrons Coosed in the potential well between the
vative estimate of the characteristic switching time is - channeLb~garre 16 1o-- sterfaces; Will not have enough energy

psm- to overcamme the emergy barrier until reaching C2 where the
are collected. In this came C is logic hip& mand C2 is logic
5.> (terminal voltages of Cl mad C2 axe high mad low. ms
spectirely). On the other hand, if D is high, smost electrons
gain sufficiat emergp to overcomme the barrier while psin

INTRODUCTION under C1. Therefore, Cl become - Im ad C2 AlgA Thus
the RSTLT reamixes; the logic NOT (Cl) mad EQUIVALENT
(C0) functions of the input control signal (D), LA., ClI mV,

Real-space transfer (RST) III is the thermionic eamie. C2 -D, as shown in the hunst of rig. 1. In order to ensure
siom of hot electrnes (from one semiconducter layer) over
heteraiaterface barriers to difierent semiconductor layers.
Successful impleamentations of the RST concept have been
demonstrated by experimental realizations of the negative
resistmance field-efect transistor (NERPET) 121, charge in a-D
jection transistor (CEINT) 131 in both AlGaAs/GaAs mand
luamAs/InAlAs material systems, mad realspace transfer IR
transistor (RSTT) 141 using strained InGaAs/AIGaAs/GaAs C1 5- al D
layers. Promising performances have been achieved in these
devices, with reported valumes of transcoaductance exceed.-
ing 2300 muS/mma 131 mand unity-current pip w feqecy of -l
60 G~s 14) at rooom tempeature Also, a NOItAND func- oDai
tisnal element bamad on a multi-terdmina clIT structure W
has been proposed recently 151, demmonstrating the poten-ChneM
tial logic applications of real-pace transfer devices. In this
work, we propose a novel logic siru- eleoment the real-
spacem transfer logic transistor (RSTLT). The operation of A_____________
this proposed microstructure is based on the conept of hot
electron real-space transfer and the fact that the spatial
location of electron 1ST is determined by applied bia s ad
11ete4161aterface smargy barrir height. Selfconistet esm
ble0 Monte Carlo simulations are used to theoretically 'build' Figure I. Proposed RSTLT structure. The insert on the top
a RSTLT with SexIbis logi functions mand ultrafast speed. right shows the loic symbol of the Structure.

18.6.1
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AN EXTENDED SCHARF3TTER-GUMM1EL ALGORITEIM SUITABLE
FOR SOLVING A NONPARABOLIC HIYDRODYNAMIC TRANSPORT MODEL

D.L. WOOLARLD, T.A. WINSLOW, M.A. LITTLEJOHIN and ILI. TIEW

Electrical and Computer Engineering Deparment
North Carolina State University

Raleigh, North Carolina 271196-791 U.S.A.

Abetreet- This paper pr sents -n eateuded Scharfetter.Oummel 11. THE NONPARADOLIC MODEL
curvent-doosity discretisation formula eufident for solving an ad-
vanced hydrodynamic electron transport model. This IN r v Previously. a hydrodynamnic model suitable for studying bot.recetron
mntiszaio expralessn Is specifically developed %or a new bdrodied, transport In semiconducting mnaterials with nouparabsolk: conduction
namic transport -odelsuita"l for studying ha-lcmmtransport beads was pi05etedI32. This new model contains advanced ono-
In semiconducting mnateuilas with nowparabotlc cnucion bands. paraoli streauming (collision Independent) terms which wer dt.
While this extended formuelation psomely Incorporates -ay ad- rived by applying a unique set of moment operators (i.e. orders
Wante effects asocatd" with luet..lockmo transport, its p.rive of nonliner k-space velocity so -ppo-ed to momentum) to the Cel.
/soft" it the accurate tretment of the eanvosetl ierm (or dipae Uisienless 11oltamnani transport equation. The resulting system of
meat energy term.) which Is present In both coniventional (Le. drifted muNt (balsamc) equations weon closed (terminated) by Introduc.
Maxwellia model) end the advanced nonparaholic -oe Idheussed bog a- empirical distribution function which accurately approximsatts
In this poper. Ouedr ivation overcomes nonilina problemn intme the propertie of electrons driftqIng nonparahollc conduction bands.

doey"_noto a n eeasI n1to oto aevlytrnfrefcsta npeskI moltlwalley eys.
toce by thisnt currnv einsity.11 ~ ~ tame (e~g. GaAs), a threvevalley (r, L and X) ensemble relaxation

to ~ ~ ~ ~ ~ ~ ~ ~ tn epr-nt curn1es-y iemie has been developed and ImplemestdodWl. The full multi.
valley nonparabolic RTM, with a p I -nenologlcal heat low vector

.1 INTRODUCTION term, consists of the transport equations

At presen t, Monte Carlo (MC) methods a"d hydrodynamic transport & Y(Y)+~~~J I
models (11TH'9) wre the two most popular appracheas utlllhad to In-
Tevtigate hok..lsctron phnmnn insbmicrn structures. While #V4 (2)
MC methodef I, which solve the full Doltsmano transport; equatione d,h aim, a9t
(DTE), ameasily Incorporate detailedl transport physics, this ap. on . (111)
proach -a became Impradctia In some insteaces due to the extensive -v.VzaF'a-Yp(v.IPwgj+qa+a4')+ (3
computational requiremens. iTM'e, which ane Iase upon mco
scopic conerastion squatione derived from moments of the am3 inl. d
dude nonstationary and hot-saectross ofectsfM whilis rquirIn muek -Q1 - 11WV0 4
less computation theme to &snernt seletlen. The physio OWd pra-
tical attributes of ETH's hae" land to their extensive u" apition n for, each conduction, hand valley oI - r, L and zI) in tow , prve
turn, advanced HTM's hae" been developed which are accurate for oe equations, of Is the electron concentrnato, Tj Is the average,
various device strctre and operating condtoaesI3l. While HThI's electron velocity, ag is the average eectron energy and F =-V,
represeta onsioderable reductio incomplexity (as compared to Is the force on the electron. In thin 11TM, the meltking emnetito
solving the fal 373), their soluio far arbitrary device structukres tive relations am nt - veraer effective mess dAj(v.,T,.) = nq(t 4
Is sti11 a very formidable moibamce problem. When lITM' are 3*ikwpTd+ 7.5(*ihg TU4) + emjjVd'). an eilective velocity proestsur
Applied sWeUscsne alstly with passion's equation, one musd solve a IP",I - (m/r~~a~R.an elfective energly pressur IPwej a
se of nnierculdpartial dIfferential equations. This tash me NAT(l + 2ueu*ik*a + a.ltalveaf5XI, a nonparaholic heat low weec
quires the application of accurate end stable numerica techniques. torO -i +A'( T.' 21QAm1/Akj)kyT,4nw. sand the
Sincethbe euccase of anyonumerical simuldlatin sritically-2 depe2en Nonpamaelsl energ parttien relat 0ion - (3/2)hvT~j,(v.,2Te 4
on convergeBnce rate end nmerical stabillty, the ch oi dan efclent (*I( viTwO/2N .I2 with en effective temperature of T.,(j(w,T.w) a
discretination scheme Is my- lasertut41. T,4 + 2egAgT.W + 01mINtal). These Previous relations, which ea-

pres the corected streaming terms as functions O v, se and now.
It iswell known that acnenral differenc approach Is not adequate for parabsollc conductio-bead factora were veriled for both stationary
discretishng the currant continuity equation due to the dIvelepenmt sand nonstationary, transport in GaAs by two independen Hakt
of eacillatloes or awlula In the selutionl To insuer nueia Carla siuationk stodlasl3). Features oW this model whic dNFrffer Is
stahility, Schaorfetter sand 0unmel Introucged a pbysics-based cur- the con'"Alnnal MuT include: (I) a noafoeestant average effective
rout density formulation fohe Onuftdilkhsienvlu (DD) model (La. they mas sA~vIT.A, (2) a disinctly different Velocity and energy pros
assumed courrent I nsiy aele weakly with p Ieetten. The suceesse me~ (Le, (P,,JI 0i (P1wal) and (3) a l~retprimelples sutemee bust
the Uchnrfelttr-Oume (30) scheme, In DD med" simulations, has flaw vector q1. IN this maedl, qW reprooesent the heat low rsIIIe
motivated vrousn nrlain fti ieelnl.tcnqe or ferom the sposmetris ampmaen of the velocity-apace electroni Aob&
the hydrodynamie eqnaisonsafl However, medseten s of On butien In nenpeahic bends. Thereforre, the WledemoeaaFinss p6.
So feoruul for KM's eithr ignore conventien termsj44 or els as nseneaeogleal heea Now term, qf In Eqt (4), is introduced to aese.d

-em a priori tha they awe deI e IIn a previostep "of an hteas"o for possible asymmetry of the electro distribution. in theis hea h
preceduse(T) is Wei paper, "n sanalica method is presened to da 'erm, P6 Is thn oser eqailbrolus mobility 09aInd0i a 114alhpe
volep son extendied so creto densiy formula Which directly I Ide ceostont inlat with the porticlor masterial uneder esuI I ttI
the affecs of the nenlineor nonventlen term This So salg bortm is Dkespatln and leteruuilsy treader effects (ILa.o insterse In EqsL III
speclcatlly devloped for age in solving a new nonpeIaso le 1T .- (3)) awe hWWoe asing ou ntenable islaxetlen N~ens Xedmodalehosh
Also, the esene 1oml Is eumpartedi tosv whic Igno energy is form to the oft propoe by lN"sJoUf4. To e"mph"t ath ud4

Ilpoastt I 1 u0sbtrate0 t dhe n Of this nOninsr elect 401On the ulaw onerpa pindea I rolaninethose tim r a mudh-iAVOW1
prdce nrnot density, teens (aAs) bae" beens obtained keen stationary MC ealeuiotle
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ENSEMBLE MONTE CARLO SIMULATION OF ELECTRON TRANSPORT IN
GaAs N+ - N - N+ STRUCTURES WITH LATERALLY VARYING DOPING

II. Tian,* K. W. Kim.* M. A. Uttlejohn,' U. K. Mishra," and M. llashemi

Department of Electrical and Computer Engineering
North Carolina State University, Raleigh, North Carolina 27695, U. S. A.

"" University of California, Santa Barbam, California 33106, U. S. A.

Abstract - The elects of laterally varying doping profile on varying doping schemes are studied. They are: 1) ramp-doping
device electron transport properties we studied using ji.e., linearly increasing (ramp-up) or decreasing (ramp-down)
self-consistent ensemble Monte Carlo simulations. Significant doping density within the N regionj, and 2) spike-doping (i.e.,
performance improvement is observed for N+ - N - N struc- introducing one or more N÷ spikes in the N region). in order

turn with ramp-down doping and multi-spike doping profiles to have meaningful comparisons among structures which em-
in the active N region. The prospects for application of later- ploy different doping profiles, we apply conditions of identical

ally varying doping schemes in fied-elect transistor structures minimum doping density and total integrated dopant in the N
are discussed. ?gion.

Any successful implementation of a lateral doping scheme
The utiirisaioo or lbsaudap engineering' has led to a va- should result in improved current drive capability. Among all

riety of novel improved device structures In the past decade, the devices studied, our simulation results reveal that the most

Successful integration of 'bandgap engineering' with 'doping significant improvement can be achieved by employing a struc-

engineering' provides addiUonl flexibility and new methods ture with a ramp-down doping scheme. For the same applied

for the future development of advanced semiconductor devices, bias, the ramp-down doped structure exhibits more than 50 %

Currently, most semiconductor devices employ techniques that Overall improvement in current drive capability compared to

control dopingl prolics in the vertical dimension (perpendic- that for the structure with the ramp-up doping scheme. This
clar to the directin of carrier the spot using 0.9., uniform is shown in Fig. 1, where current-voltage characteristics of

doping, modulation doping, &ad delta-doping). The rapid de- the structures with ramp-up, ramp-down, and constant mini-

vp onb (FIB) mum N doping profiles are given. The conduction band profilevelopment of new technologies such as focused mon em FD (increasing exponentially along[ the direction of election trans-

makes possible mask-less direct 'writing' of controlled dopants
into semiconductors Ill. Thus, the doping distribution can he port) generated by the ramp-down doping scheme and the re-
tailored in the lateral dimension (pondl to the direction of sultant accelerating electric field profile provide favorable elec.

carrierron transport onditions in which elctrons accelerate more

engineering' can possibly result In novel device structures with efficiently. High average electron velocity, low average electron

improved performance. The purpose of this paper is to present energy, and high F rvalley electron Occupancy are Obtained for

results of a theoretical study of the eflects of laterally varying the ramp-down doped structure. Thes results indicate that,
doping profles on device electron trasport properties, which on average, more electrons in the ramp-down doped structure
dopnporostles proposiion .daccelerate while they stay in the r valley. Results from spike.
supports this proposition, doped structures show that introducing an N+ spike ia the

In this work, self-consistent ensemble Monte Carlo simula- active electron tramport (N) region bringp improved device

tions are performed to investigate the elects of lateraly vary.
ing doping on electron transport. The Monte Carlo model em.
ploys a three-valley (17-1X), nomparabolic band structure cou-
pled with a solver for Poissm's equation. Trajectories of a large
number of sample electrons are traced in real spaci and in mo- . N-w*
mentum space. Relevant scattering mechanisms (polar optical,s u
equivalent and nonequivalent intervalloy, ionized impurity, &ad -.

electron-electron) are included. In addition, the elect of dege.-
eracy for F-valley electrons is taken into account by employing
an approximate Fermi-Dirac distribution with calculated local

quasi-Fermi level and electruo temperature 12I. Charge men-. as-
trality in a portion adjacent to the electrodes is maintained
throughout the simulation, which serves as the criterion for
electron injection. Material and energy band parameters o
GaAs aen the scae as those in Ref 131. Lattice temperature a @A .s

is assumed to be 300 K. More detailed model description can VoMPlga (V)
be found elsewhere 141. This transport study assesses advan.
tages, dilferenes, and potential applicatons of dilerent later. Figure I. Current-voltage characteristics for the ramp-doped
ally varying doping prodiles on device performance. The test N+ - N - N4 structure.. Doping density varies linearly be-
device is a GaAs N*(O.Spm) - N(O.Spm) - N(0.Spm) Atruc, twees 5 x 10nunsms and 5 x 10es"cns. Result far N+ - N -
tufr with varied doping proikd along the direction of electron N4 structure with constant (minimum) N doping demny of

transport in the N regim. In particular, two groups of laterally 5 x 101sem-s is included for comparison.
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Effect of a and p channel doping on the I- V characteristics of
AlInAs-GalnAs HEmTs

U.K. Mishra*, LM. Jelioian+, M. Lui+, M. Thompson+, S. E. Rosenbaum+
and KW. Kim#

"University of California, Santa Barbara, CA. 93106
+Hughes Research Laboratories, Malibu, CA. 90265
#N.C. State University, RaleiSh, N.C. 27695

1. lntroductin:-

EnIhncement in the high frequency performance of transistors is dependent
both on improved materials properties and smaller transit distances. This has
resulted in improved performance as devices have progressed from MESFETs
(Wang etal) to GaAs based .hic HEMTs(Tan etal) to InP based
lattice-matched(Mlshra etal, Chao etal) and pseudomorphic(Thompson etal)
HEITs. The GalnAs based devices have demonstrated the highest speeds
because of a combination of hign electron mobility, peak velocity and sheet
charge density in the GalnAs channel of an AlhnAs-GalnAs HEMT. The
reduction in gate length to 50 nm has increased the extrinsic fT of the HEMT
to 292 GHz at room temperature(Thompson etal) but the fmax of the HEMW
has been restricted by the rapid increase in the output conductance at the
small gate length. The output conductance is caused by a combination of
substrate injection and channel length modulation. Attempts to reduce the
substrate injection by using a combination of p-doped and wide band gap
buffer layers have had lin-ited success. In this study, we investigate the effects
of doping the channel of an AlinAs-GaInAs modulation doped transistor n
and p type and evaluate the effect on the DC and RF characteristics of devices
with 0.25 tum gate length. Devices with I pm gate length were also studied to
determine the gate length dependence. The motivation is to evaluate the
effect of the two doping types on the distribution of electric field in the
channel and study its effect on output conductance and electron transport.

GakAs CoeWa Lyr 7 nm

5 NAfnA, Laye 20 mm

0noto Layer
,, _ - (IE lScm3:12 am)

GabiAGCommegLImp~ apedoW n(IEl?/cm3la(1e7r El7IcmS)
Gsb~~hsml~ndl~dodqleOP0617 at 3EI7/cxn3)

AMa/, Suffer 850 am

hnP Subeaw

Figure 1: Schematic of the Layer Structures Used in the Study.
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Two-Dimensional Analysis of Short-Channel
Delta-Doped GaAs MESFET's

Hong Tian, Member, IEEE, Ki Wook Kim, Member, IEEE. Michael A. Littlejohn, Senior Member. IEEE.
Salah M. Bedair, and Larry C. Witkowski

Abstriuc-Key design parameters for delta-doped GaAs length delta-doped MESFET's, for example, ranges from
MESFET's, such as delta-doping profle, top layer background 75 mS/mm [1] to 140 mS/mm [2], to the 400 mS/mm
doping density, and scaling of lateral feature size, are investi- ucc reported in this paper. Schubert et al.
gated using a two-dimneslonal numerical simulation. A t tree-
region (delta-doped conducting channel, top layer, and sub- [1] studied properties of delta doping in GaAs and pre-
strate) velocity-field relation Is Implemented in the model as dicted that the maximum intrinsic transconductance of a
appropriate for the particular device structure wbich Is simu- delta-doped MESFET could be higher than that of a corn-
lated. Simulation results Aow exellent agreement with our parable AIGaAs/GaAs HEMT in the gate length range of
fabricated 0.5-wm gate-length delta-doped GaAs MEsETs 0.1 to 2.0 itm. Differences between experimental results
basedonatomiclayerepltaxymaterlal. Aaenrindclatieouun-
tace of 370 mS/mm and a drain-source current of 270 and theoretical predictions may stem from unknown ma-
mA/wa are obtained for typical devices, and the maximum terial properties and differences or uncertainty in process-
transconductance Is as high as 406 mS/mm, which are the best ing conditions. On the other hand, design and optimiza-
dc results yet reported for U.410mm gate-length delta-doped GaA" tion of such devices play an important role in guiding the
MESFET's. Considerations of design and optimization are dis- improvemen of device performance. It is of practical ir-
cussed in terms of thresbold voltage sensitivity, transconduc- prove o device perf meteis of practclfs
tance, current drive capability, and cutoff frequency, based on portance to identify the key parameters and the tradeoffs
both simulation and experimental results. needed for optimized device performance in specific ap-

plications.
The intent of this paper is to present a generalized anal-

1. INTRoDuc-noN ysis of delta-doped submicrometer MESFET's. We use a
T HE DRIVE to achieve high-speed and high-fte- two-dimensional drift-diffusion model to simulate the in-

quency electronic systems has led to continued efforts fluence of key design parameters on delta-doped MES-
to develop new device structures. One very promising FET performance. Experimental 0.5-#m gate-length
structure is a field-effect transistor (FET) which incorpo- delta-doped MESFET's grown by atomic layer epitaxy
rates the delta-doping technique. Advanced delta-doped (ALE) have also been fabricated. Excellent agreement be-
FET structures such as GaAs MESFET's [1]-[4], tween simulation and experimental measurement has been
HEMT's on GaAs [5]-[7] and InP substrates [8], as well obtained. An extrinsic transconductance of 370 mS/mm
as pseudomorphic HEMT's [9] have been demonstrated. and a drain-source current of 270 mA/mm are measured
The advantages of delta doping in these device structures for typical devices, while the maximum transconductance
include high current drive capability, high transconduc- is as high as 400 mS/mm. These are the best experimen-
lance, improved threshold voltage control, and improved tal results yet reported for 0.5-am gate-length delta-doped
breakdown characteristics. GaAs MESFET's. Based on the agreement between sim-

Delta-doped GaAs MESFET's based on materials ulation results and experimental results for 0.5-1sm de-
grown by MBE and MOCVD materials have been inves- vices, we then analyze performance dependence on key
tigated experimentally by several research groups [1]-[4]. device parameters and outline some design considerations
While the results are promising, they also show a wide and tradeoffs for achieving improved delta-doped MES-
diversity and fall short of theoretical predictions [I]. The FET operation.
reported maximum transconductance of 0.5-jtm gate-
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Manuscript received September 4. 1991; revised March 20, 1992. This

work has been supported by the Office of Naval Research, the National A schematic illustration of a delta-doped GaAs MES-
Science Foundation. and SDIO. Supercomputer time has been provided by FET is shown in Fig. 1 (a). A very narrow doping profile
the North Carolina Supecommputing Center. The review of this poper was (Fig. 1(b)) is sandwiched between two undoped (or rela-
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Department of Electrical and Computer Engineering, North Caroli State doping profile in the figures are representative of those
University. Raleigh, NC 27695-7911 .
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Novel Heterojunction Real-Space Transfer Logic
Transistor Structures: A Model-Based

Investigation
Hong Tian, Member. IEEE, Ki Wook Kim, Member, IEEE. and Michael A. Littlejohn, Senior Member, IEEE

Abstrouc-Ensemble Monte Carlo simulations are employed [18]. These studies provide a foundation for device struc-
in order to explore the feasibility of a novel real-Space transfer tures with novel operating principles.
logic transistor (RS1LT) structure. The operational principles It is worth noting that in a real-space transfer device
of the proposed RSTLT are based on the concept of hot electron
real-space trasfer (RST), Including the fact that the spatial (such as the CHINT), hot electron RST is a localized pro-
location of electron RSr is determined by applied bias and bet- cess in which the spatial occurrence of RST is determined
erointerface energy barrier height In a multiterminal betero- by factors such as the device configuration, heterojunc-
Junction microstructure. The results of two-dlimetIou102, self- tion material parameters, and operating bias conditions.
consistent steady-state and transient sinulations demonstrate This phenomenon has been discussed by interpreting ex-
that the proposed RSTLT features ultrafut current switching .
which can be used to realke NOT/NQUIVALENT logic fune- perimental I-V characteristics of CHINT structures using
tions in a single beterojunction device. The logic operation is positive feedback initiated by a local 'hot spot' in the de-
easily extended to NOR/AND functions. A conservative esti- vice channel [8]. Also, Monte Carlo analysis of three-
mate of the characteristic delay time for current switching is terminal RST devices has indicated the localized nature
-3 ps in the proposed RSTLT structure, of electron RST [13). Recently, we have proposed a novel

real-space transfer logic transistor (RSTLT) [19] based on
I. INTRODUCTION ensemble Monte Carlo studies of hot electron transport in

rT'HERMIONIC emission of hot electrons (from one a four-terminal heterojunction microstructure. The oper-
semiconductor layer) over hetrointerface barrier(s) ation of the proposed RSTLT is based on the fact that the

to different semiconductor layers in the presence of high spatial location of electron RST is determined primarily

electric fields is termed real-space transfer (RST) [1. by applied bias and heterointerface energy barrier height.

ectcsfueld imlermentatins tof the RST concept have been The dc and transient current switching characteristics of
Successful implementations of the been the proposed RSTLT have been discussed briefly [19]demonstrated by experimental realizations of the nega- (hiere we define current switching as the current exchange

tive resistance field-effect transistor (NERPET) [21-[4], (m

the charge injection transistor (CHINT) in both Al- mong device terminals while transient switching times
tasGargs [njet1,n (6]andsinstor(HINT) [i1, [boateA- for the intrinsic device am denoted as characteristic delayGaAs/GaAs [5], [6] and InGaAs/InAlAs M7, 181 mate- eta oi ptimes). We have demonstrated the the potential logic ap-
rial systems, and the real-space transfer transistor (RSTT) plications based on multiple termnal current switching

using strained InGaAs/AlGaAs/GaAs (9] heterostruc- characteristics of the RSTLT.

tures. Promising performances in both dc and microwave In this work, deailed theoretical investigations using

applications have been achieved in these devices, with re- s nsistent, tw imenioal esemble iont Carlo

ported transconductance values exceeding 2300 mS/mm self-consistent. two-dimensional ensemble Monte Carlo

[6] and unity-current gain frequency of 60 GHz [9] at simulations am presented which focus on exploring the

room temperature. Recently, a CHINT logic element to feasibiity of the RSTLT structure in digital applications.

realize NOR/AND functions [10] has been proposed, dem- The proposed structure differs from the CHINT logic ele-

onstrating the potential logic applications of real-space ment [10], i.e., the RSTLT employs a different device

transfer devices. Theoretical investigations of electron configuration and terminal arrangement to achieve shorter
transport properties and related device physics in real- transient delay time while maintaining logic flexibility.

nspctra tt u This provides another attractive approach to realize ultra-
space trnsfer structures have also been performed [II]- fast multilogic functions in a single heterojunction de-

vice. This computer experimental study is used to theo-
Maausctfi ncelved November 25, 1991. This work was supponed in retically "build" a device which allows the logicpen by the Oflice of Naval Reseawb sad the Naziosal kSalr Pomadatiom.

SupamyfuteMar ofm Ny Res b pmv idal b the NHosk Cina Founmp. flexibility and fast speed of available real-space transfer
pusb" Ceter. The teview of this pqpr wu aanqed by Assolur Edior devices to be explored. Electrical characteristics and re-
m. Shut. lated device physics of the proposed RSTLT structures

1The sa, ao n with C ta Demam oS a Eesky R s Com 7-9 i- are examined in terms of material parameters, device fea-ne--s, NonM C~m~im Sam uaiwmky, R~i~. NC 2"705.7911t.
ME Log Numbe 92M0o. ture size, and bias conditions. In the next section, we de-
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Electron velocity-field characteristics of Ino0 2AI 0.4sAs
H. S. Kim, H. Tian, K. W. Kim, and M. A. Uttlejohn
Dqanrment of Electrical and Computer Engineering. North Carolina State Univerity.
Raleigh. North Carolina 27695-7911

(Received 16 March 1992; accepted for publication 29 June 1992)

Theoretical results of electron transport in n-type In. 52Alo.4As are presented. The transport
properties of this important semiconductor were obtained using the Monte Carlo method. In
particular, velocity-electric field characteristics for different temperatures and doping
concentrations in bulk Ina32Ala48As are calculated for the first time. Physical parameters for
Ina52AiuAs (which is lattice-matched to InP and Ino.53Ga(.47As) were obtained based on
interpolation of available experimental and theoretical results for InAs, ALAs, and
Ino.75AlMAs. Our study suggests that ln. 2Alo48As has electron transport properties which are
comparable to and complimentary with those of other materials lattice-matched to InP.

Heterojunction devices based on the lattice-matched The Monte Carlo method used in this work comprises
AltO."•48As/InQ, 3Ga 47As/InP material system have a model for the motion of sample electrons in a three valley

been the focus of extensive experimental studies due to (r-L-X) semiconductor with nonparabolic analytical band
their promising potential for digital, microwave, and opti- structure under the influence of a uniform applied electric
cal applications. Impressive device performance has been field.67 Relevant scattering mechanisms are polar optical
achieved for the high electron mobility transistor phonon scattering, equivalent and nonequivalent interval-
(HEMT),' charge injection transistor (CHINT), 2 and icy scattering, ionized impurity scattering, alloy scattering.
semiconductor laserJ fabricated from this material system. and impact ionization. In the present work, a single
However, certain material-related issues remain which longitudinal-optical (LO) phonon mode is used. There is a
merit careful study if potential applications of these devices possibility that two LO phonon modes due to the InAs-like
are to be fully exploited. As an example, high output con- and AlAs-like vibrations could be active in Ino.s32Alo4As,
ductance has been repeatedly observed in deep-submicron since it is known that this condition does exist in some
(;O.3 ism) channel-length HEMTs using the ternary materials. However, this is a subtle point, and de-
In0.52A o.4sAs/Ino.33G%.47AsflnP material system. '14"5 This tailed properties of the phonon spectra in this material are
performance degradation has been suggested to be the re- not sufficiently known at present to justify the use of two
suit of: (1) electron conduction in the ino. 2ALo.4sAs buffer LO phonons in the model. The use of a single LO phonon
layer, (2) deep level traps in the top In0.52AI.48As donor with an energy of 39.5 meV, which was interpolated from
supply layer, and (3) weak impact ionization in the local mode energies of 29.6 meV for InAs and 50.1 meV for
In0.53G0o%4 As channel layer. Studies on the CHINT have ALAs, should not detract from the main conclusions of this
also shown that electron transit time in the InO52AIo.4As work.
collector barrier is the main factor that determines the The ionized impurity scattering rate used in our sim-
total device intrinsic delay time.2 These observations indi- ulations is based on Ridley's statistical scattering model.$
cate the importance of achieving a better understanding of In this model, the scattering rate in terms of electron wave
electron transport in no.$2Al0.48As. Unfortunately, there is vector k is given as
very little available information on material parameters or I v,(k) ( d
electron transport properties for Ino5. 2Al. 4 As. This is a r(k) exp v,(k)r-e(k) , (i)
noticeable void since there have been extensive experimen- d /i

tal and theoretical studies of InP and in. 53Gao.47As, and where v,(k) is the electron group velocity and
data on lno, 2Al~o.As are required in order to perform d[=(21rNp)-1 /•J is the average distance between impu-
thorough and more rigorous device simulations in the rities. The electron density is assumed to be equal to the
1no. 2Ao,,As/ln%.53 GA0.4 7As/InP material system. doping concentration (Ndop). The scattering rate I/TS"R,

In this letter, we employ a Monte Carlo model to study which is derived from the Brooks-Herring model,9 was
electron velocity-electric field characteristics in n-type calculated by following Ruch and Fawcett.' 0

InS.2Al 44gAs for different temperatures and doping con- The alloy scattering rate is obtained using'
centrations. The set of physical parameters for 1 31r(m*) 3/ dy(e)
Ii.s 2Al0.4gAs required for this study has been obtained _ ,2 Ix(I-x)Iy(E)'1--ý7 flAUl2 S(a),
based on linear interpolation of available data for the InAs T"', (2)
and AlAs binary components, while using the few available
(theoretical) material properties of lnL:7 Al&23As as a where AU is the alloy scattering potential, x is the alloy
guide. The material parameters which we provide for composition, fl is the primitive cell volume, and y(e)
InO, 2AlL4UAs and the results of the fundamental electron =E( I +ae) for the nonparabolic conduction band. We use
transport study will serve to promote further experimenta- the electron affinities of AlAs and InAs to predict a value
tion and characterization of Ino.52 Al 4&As-related devices, for AU.O Here, S(a) is an energy-dependent parameter
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